Abstract: An irreversible response of inorganic scintillators to intense soft xray laser radiation was investigated at the FLASH (Free-electron LASer in Hamburg) facility. Three ionic crystals, namely, Ce:YAG (cerium-doped yttrium aluminum garnet), PbWO 4 (lead tungstate), and ZnO (zinc oxide), were exposed to single 4.6 nm ultra-short laser pulses of variable pulse energy (up to produced with various levels of pulse fluences, were analyzed on the surface of irradiated samples using differential interference contrast (DIC) and atomic 2 was determined by means of the ablation imprints method with the use of poly(methyl methacrylate) -PMMA. Applied to the three inorganic materials, this procedure gave almost the same values of an effective area. The single-shot damage threshold fluence was determined for each of these inorganic materials. The Ce:YAG sample seems to be the most radiation resistant under the given irradiation conditions, its damage threshold was determined to be as high as 660.8 ± 71.2 mJ/cm 2 . Contrary to that, the PbWO 4 sample exhibited the lowest radiation resistance with a threshold fluence of 62.6 ± 11.9 mJ/cm 2 . The threshold for ZnO was found to be 167.8 ± 30.8 mJ/cm 2 . Both interaction and material characteristics responsible for the damage threshold difference are discussed in the article. 
Introduction
Scintillators play an important role in short-wavelength radiation research with respect to development, characterization, and utilization of sources generating intense radiation in the extreme ultraviolet and soft x-ray spectral regions. For more than a century, it is known that some materials are capable of converting energy of photons or particles into visible light or ultraviolet radiation that can be easily detected. The advent of CCDs made the imaging of such converted radiation easy and inexpensive. Scintillators greatly simplify the procedure of detection and visualization of otherwise invisible radiation, enabling easier and faster tracing and alignment of short-wavelength beams provided mostly by free-electron lasers and synchrotron radiation sources.
The rapid development of new extreme ultraviolet and soft x-ray lasers during the last two decades [1] [2] [3] [4] has opened new possibilities in research of the interaction of short-wavelength radiation with matter. However, this also raises new challenges for the applicability of scintillator materials. The scintillator properties required for short-wavelength laser beam characterization and imaging are as follows: a high yield of luminescence, a well-defined dependence of the yield on radiation properties (e.g., well-known dependence of the yield as a function of radiation intensity) fast response to the ultra-short laser pulses, sufficiently high absorption coefficient and damage threshold. For example, PbWO 4 [5, 6] or ZnO [7] single crystals, with decay times of 2-3 ns and less than 1 ns (down to a few picoseconds dependent on doping concentration), respectively, can be used for detecting, timing and imaging short and ultra-short pulses of x-ray lasers [1] [2] [3] [4] . The third material chosen for our experiment, Ce:YAG (Ce:Y 3 Al 5 O 12 ) crystal, is widely used for the soft X-ray laser beam imaging and characterization because of its high luminescent yield and excellent radiation resistance [8] [9] [10] .
Radiation resistance of scintillating crystals has to be considered when being used as short-wavelength radiation monitors, in order to prevent irreversible changes of their crystal structure or even damage. This follows from the fact that currently available free-electron lasers (FELs) generate 10-fs -100-fs pulses, each carrying an energy equal to hundreds of microjoules [11] [12] [13] [14] . The peak intensity in focused FEL beams can reach levels above 10 17 W/cm 2 while the peak fluence can exceed kJ/cm 2 . Therefore, irradiation conditions resulting in a collapse of the crystal lattice in the scintillation material can be achieved even for weakly focused FEL beams.
Even at intensities many orders of magnitude lower than the above mentioned value, e.g. in an unfocused FEL beam, the scintillators are operated far beyond the linear regime and thus non-linear intensity-dependent response (mostly saturation) of the luminescence signal can be observed [8, 9] . At higher intensities, irreversible chemical and structural changes occur on the surface and in the near-surface layer of the material exposed to FEL radiation. Hence, exact knowledge of the threshold fluence, i.e., a minimum fluence resulting in a detectable irreversible modification of the irradiated material surface, is required for safe usage of scintillators at large-scale FEL facilities.
The above-mentioned FEL-induced substantial (i.e., from a phase transition to a removal of irradiated material) damage differs from the radiation damage as usually taken into account for a scintillator exposed to a common ionizing radiation. In the scintillator community, the radiation damage is defined as a formation of radio-luminescence yield influencing point defects and their small complexes (clusters) in the lattice, see for example [15] . We are aware that a radiation resistance of the whole lattice against its substantial collapse is more complex and still poorly understood phenomenon. Here we assume that a certain lattice, yielding effectively point defects under conventional irradiation conditions (i.e., color centers formation, production of defects enhancing non-radiative recombination of charge carriers, and so on), could be more prone to a substantial lattice collapse upon the FEL-irradiation. It is understood this picture represents only a first approximation.
Experimental
Single crystals of PbWO 4 and Ce:YAG were grown from high-temperature melt of the corresponding material using the Czochralski technique [16, 17] while monocrystalline ZnO was prepared by a conventional hydro-thermal technique [7] .
The experiment was performed at the free electron laser facility FLASH (Free-electron LASer in Hamburg) [11, 18] . Samples were mounted on a motorized X-Y-Z stage inside a vacuum chamber [19] and exposed to focused single pulses. Pulse duration fluctuated between 80 fs and 150 fs. Beamline optics involved three amorphous carbon (a-C) coated mirrors and two Ni coated mirrors with grazing angles adjusted to 3° and 2°, respectively. In order to prevent the a-C coated mirrors from radiation damage and avoid unwanted reflectivity losses, the laser was tuned on the long-wavelength side of the carbon K-edge (4.37 nm). The laser wavelength was measured as 4.6 ± 0.1 nm. A total beamline transmission of this experimental layout was assumed to be 0.39, as calculated using CXRO database [20] and taking into account the reflectivity at 4.6 nm of all optical elements in the beamline.
Energy in each laser shot was monitored with a photo-ionizing gas detector (GMD -Gas Monitor Detector) [18, 21] . To adjust the desired fluence level impinging on the sample, the laser beam was attenuated with a gas attenuator in combination with a set of thin aluminium foils of various thicknesses.
Irradiated samples were inspected and damage patterns were investigated ex-situ using an optical microscope (Olympus BX51M) operated in differential interference contrast (DIC) mode and Dimension 3100 scanning probe microscope (SPM) driven by a NanoScope IV controller (Veeco, USA) working in AFM tapping mode.
Results and discussion
Since the damage threshold fluence is defined as:
where
, and A eff [cm 2 ] represent the threshold fluence, threshold pulse energy, and effective area of the beam in the plane of the sample surface, respectively, the knowledge of the beam size is indispensable for the process of threshold fluence determination. In order to attain this value, a method of ablative imprints on the surface of a PMMA sample [22] was u used for focused beam size determination. Sequences of single laser shots at various energy levels were imprinted onto the surface of this sample. The dependence of the damaged area on the logarithm of the corresponding pulse energy (the so called Liu's plot) is shown in Fig.  1(a) . Non-linearity of the Liu's plot clearly indicates that the beam was non-Gaussian; therefore, only the low-energy part of the plot is used for the linear fit of the data. By extrapolating the linear part of the data to zero imprint area, where no damage occurs, thus finding out the intersection of the regression line with the horizontal axis, one obtains the threshold pulse energy of E th = (55.5 ± 5.3) nJ.
The ratio between the threshold energy E th and laser pulse energy E pulse , i.e. the thresholdto-peak ratio f = E th /E pulse , was plotted against the area S circumscribed on the sample surface by ablation contour (a borderline between the damaged and morphologically unperturbed sample surfaces) as shown in Fig. 1(b) . Such a plot is also known as the normalized f-scan (fluence scan) [23] . The area being enveloped by the f-scan curve is equal to the effective beam area. In order to measure it, data in Fig. 1(b) were fitted with a normalized sum of two exponential functions:
where A, C 1 , and C 2 are parameters of the fit. The fitting function in Eq. (2) approximates the real beam as an incoherent superposition of two Gaussian beams with effective areas 1/C 1 and 1/C 2 . The transverse fluence distribution in the studied laser beam is thus presumed to have a narrow central peak being surrounded by broadened background (wings The same procedure, as in the case of PMMA, was applied to inorganic scintillators. Microscopy images of damaged areas on the PbWO 4 surface eroded at high (a) and low (b) FLASH fluence are compared in Fig. 2 . The edges of the craters do not exhibit any crack or other sign of a thermo-mechanical damage, and/or spur of expanded molten material. Such a clean ablation was observed in all the ionic crystals investigated in the presented study. The Ce:YAG sample seems to be the most radiation-resistant at this wavelength with the damage threshold as high as 660.8 ± 71.2 mJ/cm 2 . The PbWO 4 sample exhibited the lowest radiation resistance with the threshold fluence of only 62.6 ± 11.9 mJ/cm 2 . The threshold for ZnO was found to be 167.8 ± 30.8 mJ/cm 2 . The value for Ce:YAG is much higher than the previously reported damage threshold result of about 20 mJ/cm 2 [24] . However, our value was obtained for irradiation with 4.6 nm wavelength FEL beam while previous results were obtained for the extreme ultraviolet (89 nm) FEL radiation. This difference is most likely due to a significantly shorter absorption length of extreme ultraviolet radiation as compared to soft X-rays, i.e. absorption lengths of 17.8 nm and 95.8 nm [20] , respectively. Therefore, at the same fluence we obtain much greater energy density in the near surface layer of the sample with the laser operating in the extreme ultraviolet spectral range
We also take into account that the radiation hardness reported here, in terms of the threshold fluence, is influenced by two key factors: the intrinsic radiation resistance of the crystal lattice to an energetic photon and, an attenuation length controlled term showing how strongly the FEL radiation is absorbed in the particular material. The value of an attenuation length can be easily extracted as a slope, with a linear fit, in the low energy part of the dependence of maximal crater depth on the logarithm of pulse energy [25] , as shown in Fig.  6 . We can also estimate a critical energy dose D C [J/mm 3 ] related to the investigated material under given irradiation conditions as follows:
All attenuation lengths and critical doses for investigated materials are summarized in Table 2 . With a value of 2470 nm determined according to the Henke's Tables [20] , PMMA's attenuation length is more than twenty times higher than scintillators investigated until now. Although intrinsic radiation resistance of any organic polymer is much lower than the radiation stability of inorganic materials reported here, the significantly longer attenuation length in PMMA, places PMMA's threshold above the threshold of PbWO 4 . The most surprising finding (see Table 2 ) is that the radiation damage threshold in PbWO 4 is significantly lower than in Ce:YAG. Since the attenuation lengths are almost the same in both materials, the difference in thresholds could be caused by higher intrinsic radiation resistance of Ce:YAG to 4.6 nm radiation as compared to PbWO 4 . Both Ce:YAG and PbWO 4 are recognized in the literature as radiation hard materials [6, 10, [26] [27] [28] [29] but our results show that Ce:YAG exhibits much higher intrinsic radiation stability than PbWO 4 . When comparing our values with scintillator radiation hardness reported in the literature, we have to take into account that the previous reports [6, 10, [26] [27] [28] [29] are mainly dealing with the formation of radiation defects (mostly color centers and other point defects) of the lattice and not with a substantial decomposition of the lattice (as caused by FLASH radiation above a single-shot damage threshold fluence).
Experimentally determined critical doses (Table 2 ) are in all three cases higher than energy densities needed for thermal melting of the material, calculated from values of specific heat capacities, melting points and latent heats of melting found in the literature for a particular material investigated here. This indicates that material ablation (i.e., the material in sample regions irradiated above the ablation threshold is not only molten, but completely transferred into the vacuum) is the key process responsible for the damage in all three investigated inorganic materials irradiated by 4.6 nm FEL radiation. However, the observed critical density values are lower than the values needed for overcoming cohesive energies reported for corresponding crystals in the literature [30, 31] . Lowering of the energy required for substantial lattice decomposition could be explained by an effect of electronic excitation and internal ionization in the ablation process driven by the soft X-ray laser. Additional support for this explanation is the fact that Ce:YAG, which has the highest stability under the irradiation conditions, also has the widest band gap (>7eV) among the three ionic crystals investigated. Although the theory of the role of the gap in insulators is not developed as much as for semiconductors [32] , we assume that a wider gap reduces the number and the energy of electrons transferred from the valence band of the irradiated ionic crystal to its conduction band. The fraction of the transferred electrons seems to be critical for the non-thermal collapse of the lattice. An effective FEL-beam area on a particular material and an experimental value of an attenuation length were used for evaluating the critical energy density (critical dose) of 4.6 nm radiation. Experimentally determined critical doses can be compared to a critical energy density required for thermal melting of a particular material and for the substantial decomposition of the lattice by its evaporation derived from a cohesive energy of a particular crystal. A cohesive energy of PbWO4 is not yet reported in the literature.
Evaluation of the threshold pulse energy is difficult, especially if a low radiation resistant material is used. In order to cross the threshold energy, the beam has to be strongly attenuated, which increases the uncertainty in the energy measurement significantly. In the worst case the required attenuation level cannot be reached at all. The latter case applies to the PMMA, ZnO, and PbWO 4 as seen in Liu's plots (Figs. 3(a), 4(a), 5(a) ). Even for the highest attenuation the energy deposited on the samples is well-above the threshold value. Nevertheless, at least part of the plot can still be fitted with a linear dependence and the threshold can be extrapolated.
When using more radiation resistant material like Ce:YAG, the threshold energy can be easily crossed with mildly attenuated beam, as shown in Fig. 3(a) . On the other hand, the information about the intensity distribution in the beam wings can be partially lost as the fluence in this region is not high enough to ablate the material even though the beam at full power is used. However, it was demonstrated before that the visibility of weak beam wings can be substantially increased in a suitable material with its post exposure development [33] .
Results important for beam characterization were obtained also from fitting the merged data involving all the normalized f-scans, as shown in Fig. 7 . Since the data from different fscans follow the same trend and overlap with one another, this plot proves that the f-scan curve is independent from material properties. Moreover, all the extrapolated energy thresholds are very close to their real values. In addition, information from the high and low intensity part of the beam is shown on the same graph, since f-scans from different materials cover together a much wider range in damaged area, than each one of them individually. The effective beam area calculated from the plot in Fig. 7 2 , which is in very good agreement with all the previously reported values (see Table 1 ). 
Conclusions
The interaction of intense soft x-ray laser radiation with three inorganic scintillator materials (Ce:YAG, PbWO 4 , and ZnO) was investigated. Threshold fluences required for irreversible surface change caused by a single ultra-short FEL pulse, were determined for three materials irradiated by focused beam of FLASH free-electron laser system tuned to the wavelength of 4.6 nm. The thresholds together with attenuation lengths indicate PbWO 4 as the material most sensitive to FEL soft x-rays among the three scintillation materials investigated. Comparison of normalized f-scans evaluated for all irradiated materials was performed. All values of effective beam area derived from the f-scans are in very good agreement with the result obtained from the PMMA sample, which was used as a reference. Combining the f-scans obtained from different materials to improve accuracy and reliability of the effective beam area evaluation proved to be very effective. Hence, all three inorganic materials can be used for X-ray laser beam characterization based on ablative imprints. In addition, both remarkable etch rates and the clean character of ablation in various ionic crystals exposed to 4.6 nm laser radiation, strongly support the potential utilization of soft x-ray lasers for high aspect ratio micro(nano)processing and pulsed laser deposition of materials exhibiting a very weak linear absorption in the UV-Vis-NIR spectral regions.
